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Traditional virus inoculation of plants involves mechanical rubbing of leaves, whereas in nature viruses
like Tomato bushy stunt virus (TBSV) are often infected via the roots. A method was adapted to compare
leaf versus root inoculation of Nicotiana benthamiana and tomato with transcripts of wild-type TBSV
(wtTBSV), a capsid (Tcp) replacement construct expressing GFP (T-GFP), or mutants not expressing the
silencing suppressor P19 (TBSVDp19). In leaves, T-GFP remained restricted to the cells immediately
adjacent to the site of inoculation, unless Tcp was expressed in trans from a Potato virus X vector; while
T-GFP inoculation of roots gave green ﬂuorescence in upper tissues in the absence of Tcp. Conversely,
leaf inoculation with wtTBSV or TBSVDp19 transcripts initiated systemic infections, while upon root
inoculation this only occurred with wtTBSV, not with TBSVDp19. Evidently the contribution of Tcp or
P19 in establishing systemic infections depends on the point-of-entry of TBSV in the plants.
& 2013 Published by Elsevier Inc.Introduction
The ability of plant viruses to invade their hosts depends
on interactions between virus and host factors that determine
whether the interaction is compatible or incompatible. First,
viruses need to be delivered into host cells by mechanical
wounding (e.g., rub-inoculation), or probing by arthropods or
nematodes, after which they initiate the infection cycle by
disassembly, followed by gene expression to then allow genome
replication. This process is followed by intracellular translocation
of viral material toward the cell periphery (Schoelz et al., 2011)
for subsequent transport to neighboring cells through the plas-
modesmata and ultimately through the vascular system to
achieve a systemic infection (Harries and Ding, 2011; Niehl and
Heinlein, 2011; Ueki and Citovsky, 2011). Each of these steps
requires both compatibility between host and virus factors forElsevier Inc.
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ational University, Astana,spread and avoidance or suppression of plant defense responses
(Hull, 2002).
Tomato bushy stunt virus (TBSV), the type member of the
Tombusvirus genus in the Tombusviridae, is an icosahedral (T¼3)
single-stranded positive-sense RNA virus that is distributed
worldwide (Martelli et al., 1988; Russo et al., 1994; Yamamura
and Scholthof, 2005). The host range for tombusviruses is quite
broad (Martelli et al., 1988) especially for replication because this
even occurs in yeast (Panavas and Nagy, 2003; Pantaleo et al.,
2003). The genomic RNA (gRNA) is about 4.8 kb with ﬁve major
open reading frames (ORFs). The 50-proximal ORFs p33 and p92
are sufﬁcient for replication and translated directly from genomic
RNA. The p33 product (P33) is a multifunctional protein that plays
roles in template selection and enrollment of viral RNA in the
replication complex (White and Nagy, 2004). The p92 protein
(P92) is an RNA-dependent RNA polymerase that is produced
by translational read-through of the p33 amber stop-codon
(Scholthof et al., 1995b; Oster et al., 1998; White and Nagy,
2004). The replicase complex of tombusviruses associates in a
virus-dependent manner with speciﬁc organelle membranes
(Rubino and Russo, 1998).
The internal p41 ORF encodes the 41-kDa coat protein (CP)
that is translated from subgenomic RNA1 (Hillman et al., 1989;
Scholthof et al., 1993). Two nested genes on different ORFs, p22
and p19, are located near the 30 terminus of the gRNA, and these
are translated from subgenomic RNA2 (Hearne et al., 1990). The
p22 protein is required for cell-to-cell movement of viral RNA and
xx
Fig. 1. Xylem localization of Tomato bushy stunt virus coat protein. (A) TBSV xylem
localization in a symptomatic upper non-inoculated N. benthamiana leaf (10 dpi).
(B) Two adjacent xylem vessels. The x denotes a xylem vessel element as
hallmarked by the secondary wall-enhanced ring-like structures and (C) TBSV in
the xylem portion of a minor vein area.
Tomato bushy stunt virus (TBSV)
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process to permit systemic invasion (Hearne et al., 1990;
Scholthof et al., 1995b; Chu et al., 1999, 2000; Turina et al.,
2003; Scholthof, 2006; Hsieh et al., 2009).
TBSV is considered a soil-borne pathogen that under ﬁeld
conditions is thought to be transmitted by water, perhaps by
assistance of yet unidentiﬁed soil-borne organisms (Martelli et al.,
1988); similar to the known speciﬁc fungal transmission of the
very closely related Cucumber necrosis virus (Kakani et al., 2001;
Rochon et al., 2004). However, in laboratories throughout the
world, TBSV and other tombusviruses are primarily studied by
mechanical inoculation of leaves of a wide range of experimental
hosts with virions or its genomic RNA (Russo et al., 1994;
Yamamura and Scholthof, 2005). For instance, leaf inoculation
experiments with Nicotiana benthamiana showed that TBSV CP
is not strictly required for systemic spread but does accelerate
the process, especially in older plants (Scholthof et al., 1993;
Desvoyes and Scholthof, 2002; Qu and Morris, 2002). Further-
more, P19 was shown to be dispensable to initiate a systemic
infection upon N. benthamiana leaf inoculation but is needed to
maintain viral RNA load because in the absence of P19 plants do
exhibit recovery that is associated with RNA silencing-mediated
degradation of viral RNA (Qiu et al., 2002; Qu and Morris, 2002;
Silhavy et al., 2002; Szittya et al., 2002; Lakatos et al., 2004;
Omarov et al., 2006; Hsieh et al., 2009).
Within the context that TBSV infects plants naturally through
the roots while most results on CP and P19 requirements for
infection discussed above were obtained upon leaf inoculations,
we asked whether properties and prerequisites observed through
leaf inoculations in fact properly reﬂect those that determine a
successful infection upon inoculation of roots. First it was shown
that the rapid systemic invasion of N. benthamiana plants after
leaf inoculations with TBSV is associated with abundant accumu-
lation of TBSV CP (Tcp) in vasculature-associated cells, notably
xylem. We then scrutinized the effect of heterologously expressed
Tcp on systemic spread of a TBSV CP-replacement vector expres-
sing GFP (T-GFP), followed by evaluating the contribution of Tcp
and P19 on systemic invasion upon root inoculation in compar-
ison to leaf inoculations. The results showed that systemic green
ﬂuorescence upon leaf inoculation of T-GFP only occurred upon
concurrent heterologous expression of Tcp in those leaves,
whereas systemic GFP expression in upper non-inoculated plant
parts was observed upon root inoculation with T-GFP in the
absence of in trans Tcp expression. This indicates that the
beneﬁcial effect of Tcp for systemic infection is less evident upon
inoculation of roots compared to leaves. On the other hand,
inoculation of leaves with TBSV (intact for Tcp) devoid of P19
expression resulted in a rapid initiation of a systemic infection;
however, this did not occur upon inoculation of roots, suggesting
that silencing in or around the inoculated root cells is more
immediate and effective than in leaves. Together, these studies
provide evidence that the individual contribution of Tcp or P19 in
systemic infection depends on the point-of-entry of the virus in
the plants.MP/RSSReplicase Capsid
gRNA
sgRNA1
p22
sgRNA2
p22p22
p19
p92p33 p41* p 2
**
*T-GFP expresses GFP instead of p41 
**In TBSVΔ p19, expression by p19 is abolished  
Fig. 2. Schematic diagrams of the Tomato bushy stunt virus (TBSV) genome and its
mutant derivatives. Open reading frames (ORFs) for the encoded proteins are
indicated by open boxes with sizes of the products given in kDa inside, and the
functions are indicated on top. P33 and P92 are replication-associated proteins;
MP, movement protein; RSS, RNA silencing suppressor; GFP, green ﬂuorescent
protein. Solid lines represent presumed untranslated sequences, and the sub-
genomic RNAs (sgRNA 1 and sgRNA 2) are indicated.Results
Concentration of TBSV CP in N. benthamiana xylem vessels
In addition to the importance of phloem for virus movement
(Waigmann et al., 2004; Nelson and Citovsky, 2005; Lucas, 2006),
some viruses appear to be transported through the xylem (Opalka
et al., 1998; Verchot et al., 2001), and even accumulate as virions
in guttation ﬂuid (French and Elder, 1999; Ding et al., 2001) which
suggests that the CP-vRNA complexes and/or virions are used forlong-distance movement through this dead tissue. In initial
experiments aimed at investigating the location of Tcp in the
vasculature of N. benthamiana, TBSV-inoculated and symptomatic
upper non-inoculated leaves were subjected to immunocyto-
chemical analyses. The results (Fig. 1, and data not shown)
showed that Tcp was particularly concentrated in the cells around
xylem but also inside some, but not all, xylem vessels in the
inoculated leaves (not shown) and in upper non-inoculated leaves
(Fig. 1). Similar xylem localization of Tcp was observed in infected
pepper and spinach leaves (Park, 2001) and thus not an artifact
associated with N. benthamiana. These ﬁndings agree with those
from earlier reports showing the accumulation of virus particles
of a related Tombusvirus in xylem (Russo et al., 1967). These
observations raise the possibility that concentration of virus
in the xylem perhaps reﬂects the known infection-accelerating
effect of Tcp (Desvoyes and Scholthof, 2002; Qu and Morris,
2002).
The immunolocalization studies were too limited because they
only informed about the location of virus particle accumulation,
not necessarily about the functional contribution of Tcp to
systemic virus spread. To more closely examine the accelerating
effect of Tcp on virus spread we subsequently used a TBSV mutant
that expressed GFP in place of Tcp (T-GFP) (Fig. 2) and examined
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trans. It should be noted that because mature xylem with dead
vessels does not support virus replication and concomitant (GFP)
gene expression. Thus the focus of the study shifted from tissue
localization to a strictly functional assay to examine the con-
tribution of Tcp to systemic virus movement through phloem
and/or xylem combined.
Heterologous expression of TBSV CP enhances spread of T-GFP
Inoculation of N. benthamiana leaves with T-GFP yielded rapid
onset of green ﬂuorescent foci (Fig. 3A). To compare levels of viral
accumulation between T-GFP and wtTBSV at early stages of infection,
proteins were extracted from inoculated leaves (IL), upper leavers
(UL), and roots (R) of leaf-inoculated N. benthamiana plants at 4 days
post-inoculation (dpi) and subjected to western blot assays for P19
accumulation (Fig. 3B), a reliable indicator of virus accumulation
(Scholthof et al., 1999). This showed that at early stages P19
accumulated in leaves inoculated with wtTBSV or T-GFP (Fig. 3B).
These ﬁndings illustrate that neither abolishing Tcp expression nor
insertion and expression of the GFP gene had any negative con-
sequences on early virus accumulation or local virus spread in
inoculated leaves.    UL IL 
wtTB
Fig. 3. Localized infections at an early stage upon leaf inoculation with T-GFP. (A) At th
illuminated with UV light at 488 nm to show green ﬂuorescent foci in inoculated leaves
harvested at 4 dpi for alkaline-phosphatase mediated immunoblot assay of P19 in N. b
T-GFP. The 38-kDa protein represents a SDS-recalcitrant P19 dimer that is commonly
 7 dpi5 dpi
Fig. 4. Tcp-mediated enhancement of T-GFP expression in N. benthamiana. Plants w
(A) Bright green coalescent areas were already evident in inoculated leaves at 3 dpi a
illustrating the systemic expression of GFP in upper non-inoculated parts as ﬁrst obseWith regards to the next phase, systemic invasion, the com-
parison between wtTBSV and T-GFP revealed that at 4 dpi only
wtTBSV had invaded roots and upper non-inoculated leaves
(Fig. 3B) suggesting that expression of Tcp accelerated virus
egress out of the inoculated leaves. To examine this directly for
T-GFP, the latter was co-inoculated with PVX-Tcp, a Potato virus X
(PVX) expression vector expressing Tcp (Scholthof et al., 1995a).
As controls, T-GFP was inoculated either alone or together with an
empty PVX vector, and results were as expected based on
identical previous control experiments in which systemic GFP
expression (i.e. spread of intact T-GFP) was not observed (Everett
et al., 2010), as also evident in Fig. 3A. However, compared to the
green ﬂuorescent foci in leaves inoculated with T-GFP alone
(Fig. 3A), co-inoculation with PVX-Tcp resulted in relatively
brighter ﬂuorescence and coalescence of foci into a green mat
(Fig. 4A). At 5 dpi GFP expression became visible in the stem and
at 7–10 dpi in upper leaves (Fig. 4B). Evidently, heterologous
expression of Tcp stimulated T-GFP accumulation in inoculated N.
benthamiana leaves, and importantly it also promoted the trans-
port of T-GFP through vasculature followed by exit into upper
leaves.
To examine the nature of the T-GFP viral material accumulat-
ing in systemically invaded parts, upper systemically infected         R   UL IL           R 
SV T-GFP
38 kDa
19 kDa
ree days post-inoculation (dpi) with T-GFP transcripts N. benthamiana leaves were
and (B) Upper non-inoculated leaves (UL), inoculated leaves (IL) and roots (R) were
enthamiana plants leaf-inoculated with transcripts of wild-type TBSV (wtTBSV) or
observed.
9 dpi
3 dpi
11 dpi
ere co-inoculated with transcripts of T-GFP and the PVX vector expressing Tcp.
nd (B) The progression of GFP expression from T-GFP was monitored at 5–11 dpi
rved ﬁrst on the stem (white arrows) and later in upper leaves (white circles).
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of plantsap inoculum for passage to healthy plants. At 3 dpi GFP
expression was observed on the sap-inoculated leaves and at
5 dpi the upper non-inoculated leaves showed systemic symp-
toms but no GFP expression. Even though the systemic symptoms
could be a consequence of complementation, (i) the disappear-
ance of GFP expression, (ii) the severity of wild-type mimicking
symptoms (apical necrosis), and (iii) the propensity of TBSV CP
mutants to recombine in N. benthamiana for restoration of CP
expression (Borja et al., 1999; Desvoyes and Scholthof, 2002),
collectively supported the notion that recombination had
occurred between PVX-Tcp and T-GFP resulting in restoration of
a wtTBSV. To verify this, extracts from upper leaves with the
wtTBSV symptoms were enriched for viral ribonucleoprotein
(RNP) through a sucrose cushion followed by sucrose density
gradient fractionation. Pellets enriched for RNPs were ﬁrst ana-
lyzed by agarose gel electrophoresis (Desvoyes and Scholthof,
2002) and a virion speciﬁc band was observed upon ethidium
bromide (EtBr) staining, which reacted with TBSV-CP speciﬁc
antibody (Fig. S1A). An aliquot was examined with a transmission
electron microscopy and the results indicated that PVX and TBSV
virus particles were present (Fig. S1B). Inoculation of N. benthami-
ana plants with this preparation gave rise to some green ﬂuor-
escent spots indicative that the particles contained some T-GFP;
after a few days green ﬂuorescence disappeared over time and
systemic symptoms developed (Fig. S1C).
In short, these results showed that the local and systemic GFP
expression from T-GFP was enhanced by co-expression of Tcp,
and that even though some trans-encapsidation of T-GFP by
heterologous supplied Tcp may have occurred, predominant
recombination events resulted in the accumulation of wtTBSV
virus particles.
The contribution of TBSV CP to systemic infection upon root
inoculation
Symptom induction and spread of TBSV through plants is host-
dependent with regards to the contributions of CP upon leaf
inoculation (Yamamura and Scholthof, 2005). Based on these
documented effects, considered in combination with TBSV beingUL  
     R         S          UL    R   
wtTBSV
Fig. 5. Systemic virus spread of TBSV and T-GFP upon root inoculation. (A) GFP expressio
of root inoculation. (B) Upper non-inoculated N. benthamiana leaves (UL), stem (S) and ro
with immunoblotting and (C) Systemic infection of tomato plants upon root inoculatio
(UL), stem (S) and roots (R) were harvested at 12 dpi and tissues were monitored for ta soil-borne virus transmitted via root wounding, we asked
whether results obtained upon root inoculation of N. benthamiana
are similar or different compared to those observed upon leaf
inoculations. For this, two-week old N. benthamiana plantlets
grown from seed in soil were thoroughly, albeit gently washed,
and inoculated with in vitro generated RNA transcripts of wtTBSV
(expressing Tcp) or T-GFP. After root inoculation the seedlings
were transferred into water ﬁlled Falcon tubes covered with
aluminum foil. The results in Fig. 5(B; left-hand lanes) show that
upon inoculation of roots with wtTBSV transcripts effective
systemic virus spread occurred from the roots through the stems
and into upper leaves.
Rather surprisingly because of the sharp contrast with the
results obtained upon leaf inoculations (Fig. 2), root inoculations
with T-GFP transcripts showed that green ﬂuorescence in upper
stem parts occurred starting at 5–7 dpi (Fig. 5A); as conﬁrmed by
GFP protein signal in westerns, and at 10–12 dpi ﬂuorescence was
observed in the leaf sections (data not shown). These visual
results were veriﬁed with immunoblot analyses for the accumu-
lation of P19 of which the monomer was clearly evident in the
stems and the dimer was detectable in roots and upper leaves
(Fig. 5B; right-hand lanes). Very similar results were obtained
upon root inoculations of pepper (not shown) and tomato plants
(Fig. 5C) that also clearly showed the presence of the P19
monomer.
In conclusion, the results showed that upon root inoculation of
plants with Tcp-defective viral transcripts, systemic spread of
GFP-expressing (i.e., intact non-recombined) T-GFP occurred.
In contrast, upon leaf inoculation such systemic expression from
intact T-GFP is only observed when Tcp was co-expressed in trans.
Thus, the requirement or ability of Tcp to warrant effective
maintenance and spread of intact viral RNA is inﬂuenced by the
point-of-entry in the plants.
The contribution of P19 to systemic infection upon root inoculation
It is well established that upon leaf inoculations of young
N. benthamiana plants with p19-defective mutants, a systemic
infection rapidly becomes established prior to the effective onset
and targeting of the viral genome by the RNA silencing machinerywtTBSV      T-GFP
    S     R UL         S          R
38 kDa
19 kDa
       S        UL
T-GFP 
38 kDa
19 kDa
n (white circles) was observed in N. benthamiana stems under UV light after 5 days
ots (R) were harvested at 7 dpi and tissues were monitored for the presence of P19
n. Plant roots were inoculated with transcripts of wtTBSV or T-GFP. Upper leaves
he presence of P19 by immunoblotting.
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et al., 2006; Hsieh et al., 2009). To determine if such an initial
systemic infection also occurs upon root inoculation with virus,
preliminary experiments (data not shown) were conducted by
pouring infectious plantsap containing infectious virus into pots
containing N. benthamiana plants followed by mechanically introdu-
cing wounds to the roots. Results suggested that such inoculations
with plantsap containing wtTBSV gave rise to systemic infection
whereas this was not observed when plantsap contained virus
defective for P19 production. To examine this under more controlled
conditions, roots of N. benthamiana seedlings were inoculated with
in vitro generated RNA transcripts of wtTBSV and TBSVDp19, using
techniques and conditions described in the previous section. Note
that experiments with T-GFP were now purposefully avoided in
order not to confound difference between treatments beyond the
desired ‘‘plus’’ or ‘‘minus’’ the viral encoded P19.
Tissues of root-inoculated plants were harvested approxi-
mately one week after inoculation, and Tcp accumulation was
monitored to determine the spread of wtTBSV and TBSVDp19. The
results of western blotting assays with extracts from plants leaf-
inoculated with wtTBSV transcripts demonstrated that Tcp
(41-kDa CP) accumulated in upper leaves, stem tissues and roots
(Fig. 6A). The same was observed for root-inoculated plants
(Fig. 6B). However, systemic spread of TBSVDp19 only occurred
upon leaf inoculation (Fig. 6A) while no CP accumulated in root-
inoculated plants (Fig. 6B). Similar experiments were also per-
formed with tomato and pepper plants and the results were the
same, upon root inoculation with transcripts a systemic infection
only occurred for wtTBSV and not for TBSVDp19 (shown for
tomato in Fig. 6C).Discussion
TBSV CP stimulates systemic T-GFP expression upon leaf inoculations
The TBSV coat protein (Tcp) is understandably required for
encapsidation of the viral RNA genome, but it also has additional
roles for virus invasion. For instance, even though Tcp is dispensable
to achieve high levels of viral RNA accumulation (Dalmay et al.,
1992; Scholthof et al., 1993) carefully conducted time-course studies
in protoplasts did reveal the positive contribution of Tcp to enhance
RNA accumulation at early stages (few hours after infection) (Qiu and
Scholthof, 2001). Moreover, following intracellular accumulation,
cell-to-cell movement appears to occur independently of Tcp upon
leaf inoculations with various Tombusvirus mutants in some hosts,
like N. benthamiana, whereas in other hosts the requirement might
be more stringent (Russo et al., 1994; Yamamura and Scholthof,
2005). Similarly, the prerequisite of Tcp to permit efﬁcient systemic
spread of virus is also host speciﬁc but in all cases its presence
beneﬁts transport, albeit at different quantitative levels (Desvoyes
and Scholthof, 2002; Qu and Morris, 2002; Turina et al., 2003).
The results of the present study further underscore the multi-
faceted role of Tcp in TBSV infection. Results of presented
experiments veriﬁed previous observations that upon rub-
inoculation of N. benthamiana leaves with T-GFP transcripts, little
or no systemic GFP expression occurred (Everett et al., 2010;
Seaberg et al., 2012), probably due to the rapid deletion of the GFP
insert (Scholthof et al., 1993; Qiu and Scholthof, 2007). However,
when Tcp was provided via expression from a heterologous PVX
vector, systemic spread of T-GFP was readily observed, indicating
a beneﬁcial role of Tcp in accumulation of T-GFP. These results
suggest that Tcp expression both stabilizes and enhances spread
of T-GFP. Similar trans-stabilization of TBSV variants expressing
GFP was observed by using PVX for expressing the coat protein of
satellite panicum mosaic virus (SPMV; T¼1) (Everett et al., 2010),a taxonomically and architecturally different virus compared to
the virions assembled by Tcp for TBSV (T¼3) (Martelli et al.,
1988). Our results are also in agreement with previous studies
that the coat protein of TBSV has a beneﬁcial role for systemic
spread of viral RNA upon leaf inoculation of N. benthamiana (Borja
et al., 1999; Desvoyes and Scholthof, 2002; Qu and Morris, 2002).
In addition, a similar beneﬁcial role of Tcp was reported when
using TBSV as a vector for virus-induced gene silencing of plant
genes (Pignatta et al., 2007).
Why the requirement of Tcp for spread upon root inoculation is
less evident than in leaves in our experiments is unknown but some
possibilities come to mind. Plant viruses can utilize the external/
abaxial phloem for exit from inoculated leaves and internal/adaxial
phloem for entry into systemic aerial tissues (Cheng et al., 2000).
Exchange from external to internal phloem occurs somewhere
beyond the inoculated leaf, possibly in the stem (Cheng et al.,
2000). Ray cells in the stem connect external phloem and internal
phloem and assimilates can move from external phloem to xylem
through these cells, as reviewed (van Bel, 1990). In inoculated aerial
tissues, unlike in roots, the Tcp may be required for entry into or exit
from internal phloem. The presence of Tcp in xylem vessels in aerial
tissue above the inoculated leaves (Fig. 1), which earlier studies
suggest represents the accumulation of particles (Russo et al., 1967),
indicates the potential that the Tcp may inﬂuence entry or exit from
that vascular tissue, as well, when establishing a systemic infection.
Thus, the Tcp-mediated accelerated infection after aerial inoculations
(Desvoyes and Scholthof, 2002; Qu and Morris, 2002) could be
related to entry or exit into both xylem and internal phloem. Another
factor may be that exchange between phloem and xylem can occur
through endocytotic pathways (Botha et al., 2008) that could be
facilitated by Tcp. The inﬂuence of the different phloem and xylem
tissues, whether mediated by speciﬁc resistance responses or lack of
required host factors for successful systemic infections after leaf or
root inoculation is an area that now requires study.
TBSV P19 is required to establish a systemic infection upon root, but
not leaf, inoculations
It has been established that upon leaf inoculations the cell-to-cell
movement protein (P22) and Tcp are involved in virus transport and
that P19 is important to obtain and maintain a TBSV systemic
invasion (Scholthof, 2006), while either both P19 and P22 can also
induce host-speciﬁc resistance responses in a variety of Nicotiana
species (Angel et al., 2011). The elimination of P19 does not abolish
the ability of the TBSV to initially establish a systemic infection in
some hosts such as N. benthamiana (Chu et al., 2000; Qu and Morris,
2002) whereas in other hosts P19 is required for short and/or long
distance invasive spread (Scholthof et al., 1995b; Chu et al., 2000;
Qu and Morris, 2002; Turina et al., 2003; Hsieh et al., 2009). At least
some of these effects can be attributed to the biochemical activity of
P19 in binding 21-nt short-interfering RNAs (Vargason et al., 2003;
Ye et al., 2003) resulting in suppression of gene silencing to prohibit
viral RNA degradation by the host defense RNA silencing machinery
(Lakatos et al., 2004; Omarov et al., 2006), thereby allowing systemic
infections to ﬂourish (Scholthof, 2006; Hsieh et al., 2009).
The present experiments conﬁrmed that leaf inoculation with
wtTBSV and TBSVDp19 transcripts gave rise to rapid systemic
invasion of N. benthamiana prior to the onset of apical necrosis for
wtTBSV or silencing-mediated viral RNA clearance and recovery
for TBSVDp19 infections (Omarov et al., 2006). Similar results
were obtained with tomato plants. Likewise, upon transcript
inoculations of N. benthamiana or tomato roots with wtTBSV,
systemic infections ensued illustrating that roots are quite sus-
ceptible to transcript inoculations. In stark contrast, root-
inoculations with TBSVDp19 transcripts failed to give rise to
infection. It is not that roots are resistant to TBSVDp19 because
Root inoculation
wtTBSV
41 kDa (CP)
TBSV p19
wtTBSV
41 kDa (CP)
TBSV p19
Leaf inoculation
           UL         S         R                UL         S         R  
  UL             IL            R     UL          IL           R  
wtTBSV TBSV p19
41 kDa (CP)
R S UL R S UL
Fig. 6. TBSV CP accumulation upon inoculations of leaves or roots with wTBSV (expressing P19) or TBSVDP19 (mutant not expressing P19). N. benthamiana plants
inoculated with transcripts on (A) leaves or (B) roots. Upper non-inoculated leaves (UL), stem (S) and roots (R) were harvested at 7 dpi for western blot analysis using
polyclonal antibodies speciﬁc for the 41 kDa TBSV coat protein (CP). (C) P19-dependent TBSV infection upon tomato root inoculation. Transcripts of wtTBSV or its mutant
derivative (TBSVDp19) not expressing P19, were inoculated onto roots of tomato plants. Upper non-inoculated leaves (UL), stem (S) and roots (R) were harvested at 12 dpi
for western blot analysis for detection the 41 kDa coat protein (CP).
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CP in root tissue (Fig. 6). These results demonstrate that roots
can be successfully invaded even in the absence of the suppressor
when the virus enters the roots through the vasculature.
However, this invasion apparently does not occur when the
point-of-entry is at or near the root surface. Interestingly, and in
agreement with our conclusions is that preliminary tests (data
not shown) revealed that infection does occur upon root inocula-
tion when using p19-transgenic plants (Saxena et al., 2010).
At present it is not known why P19 expression is required for
TBSV to establish an infection upon root inoculation but it could
be related to tissue-speciﬁc cellular responses. For instance, it is
well established that plant apical meristems are able to avoid
infection by several viruses although the mechanism is poorly
understood (Hull, 2002). In this context it is intriguing that
Tobacco mosaic virus was found to replicate within the initial
meristem of the lateral root primordial of N. benthamiana plants,
but its progression was quickly suppressed by the gene silencing
machinery (Valentine et al., 2002). This raises the question: Do
roots form a general silencing-associated impediment? Not uni-
versally; for instance, RNA silencing against a furovirus is less
effective in N. benthamiana roots compared to leaves (Andika
et al., 2005). Moreover, in roots, the external and internal phloem
become one underground. Therefore, an additional possibility is
that in the absence of P19 the virus in root tissue is unable to
enter vascular tissue or exit internal phloem. Evidently our
knowledge of differential regulation of antiviral responses and
host factors in roots versus leaves is rudimentary at best andfuture mechanistic studies are needed toward understanding
these important aspects of the virus invasion process in plants.Conclusion
For TBSV to initiate a systemic infection in N. benthamiana or
tomato upon leaf inoculation with viral RNA, the coat protein has
a substantial augmentative role, while upon root inoculation
systemic spread occurs independent of the coat protein. Conver-
sely, P19 is not required to obtain a systemic infection after leaf
inoculation while it is necessary for the infection process upon
root inoculation. Therefore, these studies suggest that the con-
tribution of TBSV coat protein or P19 in establishing a systemic
infection depends on the point-of-entry of the virus in the plants.Materials and methods
Immunocytochemistry and imaging
The inoculated leaves and symptomatic upper leaves were
harvested from TBSV inoculated N. benthamiana at 6 and 10 days
post-inoculation (dpi). The harvested leaves were sectioned into
small pieces (36 mm), then ﬁxed in 0.1 M phosphate buffer (pH
7.0) containing 3% paraformaldehyde and 1% glutaraldehyde for
3 h at room temperature (RT). This was followed by three times
washing for 10 min in 0.1 M phosphate buffer with gentle shaking
S.A. Manabayeva et al. / Virology 439 (2013) 89–96 95at RT. Dehydration was performed by serial soaking of tissue
samples in 20%, 40%, 60%, 70%, 80% ethanol solution prepared in
dH2O, followed by overnight inﬁltration at 4 1C by soaking tissue
samples in 50% LR White resin diluted in ethanol. The inﬁltration
process was completed by soaking tissue samples in a series of LR
White resin/ethanol solutions, 4 h in 2:1 (LR White resin:ethanol)
solution, and 6 h in 100% LR White resin. For embedding, each
tissue sample was placed on the bottom of gelatin capsules,
followed by ﬁlling up the capsule with 100% LR White resin, then
incubated for overnight at 55 1C.
Semi-thin section (2 mm) prepared from tissues samples
embedded in LR White resin were analyzed using TBSV CP anti-
body as described previously (Ding et al., 1996). Sections were
examined and photographed as brightﬁeld or polarized light images
with a Nikon Microphot-EX microscope with a Nikon camera (Ding
et al., 1996).
Imaging of GFP expression in plants with UV light was
conducted as described previously (Everett et al., 2010).
In vitro transcription and inoculation of plants
TBSV and TBSVDp19 (Scholthof et al., 1995a), as well as T-GFP
(also referred to as TG) with out-of-frame 30 Tcp RNA sequences
removed (Seaberg et al., 2012), were linearized at the 30 terminus
of viral sequence by digestion with SmaI and in vitro transcripts
generated by using T7 RNA polymerase from linearized DNA
templates, and rub-inoculated to N. benthamiana. To generate
in vitro transcripts of PVX (pHS167), cap analog was added in
in vitro transcription reaction mixture with SpeI digested template
as before (Scholthof et al., 1995a). The in vitro generated TBSV or
PVX RNAs were mixed in RNA inoculation buffer (0.05 M KH2PO4,
0.05 M glycine, 1% bentonite, 1% celite, pH¼9.0), then rub-
inoculated onto N. benthamiana plants using a routine protocol
(Scholthof et al., 1995a). Extracts of transcript co-inoculated
N. benthamiana plants were used to again inoculate (passage to)
healthy plants. For this, plant leaves were homogenized in a
mortar with a pestle in 1 ml virus inoculation buffer (0.05 M
KH2PO4, 1% celite, pH¼7.4).
Infection of plants upon root inoculation
For root inoculation, the young seedlings of N. benthamiana plants
growing from seed in the growth chamber were cleaned (washed) to
remove soil and the roots were inoculated with in vitro generated
RNA transcripts of wtTBSV, T-GFP and TBSVDp19. Optimization
experiments revealed that injuring the roots by small razor blade
cuts at right angles on primary roots prior to inoculation increased
the inoculation efﬁciency. After root inoculation the seedlings were
transferred into regular water in Falcon tubes covered with alumi-
num foil to keep the roots under dark conditions.
RNA, protein, and virus analyses
Procedures for the enrichment and analyses of ribonucleoprotein
complexes and virus puriﬁcation followed by electron microscopy
were described previously (Desvoyes and Scholthof, 2002). Brieﬂy,
infected symptomatic leaves were ground with 5–10ml/g of buffer A
(200mM Tris–HCl pH 8.5, 20 mM KCl, 30 mM MgCl2, 200 mM
sucrose, and 5mM iodoacetamide). Triton X-100 was added at a
ﬁnal concentration of 1% and the mixture was centrifuged for 10 min
at 10,000g. The clariﬁed supernatant was loaded on a 2 cm 20%
sucrose cushion in buffer B (50 mM glycine–KOH pH 8.5, 20 mM KCl,
and 5mMMgCl2) and centrifuged for 2 h at 40,000 rpm (60 Ti rotor,
Beckman). The pellet, enriched for RNPs, was subsequently resus-
pended in buffer B and analyzed by whole-virus agarose gel (1%
agarose in 10 mM Tris, 76 mM glycine, pH 8). Agarose gels werestained with ethidium bromide and used to transfer contents for
immunoblot analysis (north-western).
For electron microscopy, further puriﬁcation of RNP or wild
type virus was performed. The enriched extract was loaded on a
20–50% linear sucrose gradient and centrifuged for 4 h at
30,000 rpm (SW 41 rotor, Beckman). RNP-containing fractions
harvested using a density gradient fractionator (ISCO, Lincoln,
NE). Puriﬁed preparation of wild type virus, co-derived T-GFP and
PVX-Tcp RNPs were examined with transmission electron micro-
scopy at 80,000 magniﬁcation.
Expression of Tcp, P19 and GFP was veriﬁed with western blots
following extraction of proteins on days 7 following inoculation. For
this, upper leaves, inoculated leaves and roots were removed with a
razor blade and homogenized in 100 ml 1 TE buffer (2 mM Tris,
20 mM NaCl, 2 mM EDTA) with chilled mortars and pestles. Then,
100 ml of the crude extract was added to 1.5 microfuge tubes
containing 30 ml 5 cracking buffer, and boiled for 3 min. These
samples were centrifuged for 1 min at 10,000 rpm to pellet cellular
debris, and 25 ml of each sample was loaded onto a 15% SDS-
polyacrylamide gel (running gel consisting of 5 ml 30% acrylamide
stock, 2 ml water, 3.8 ml 1.5 Tris, pH 8.8, 100 ml 10% ammonium
persulfate, 100 ml 10% SDS and 30 ml TEMED; stacking gel with
600 ml 30% acrylamide, 500 ml Tris pH 6.8, 2.7 ml water, 100 ml 10%
ammonium persulfate, 40 ml 10% SDS, and 3.2 ml TEMED), and
electrophoresed at 90 and 120 V for 2 h in 1 running buffer
(24.8 mM Tris, 192 mM glycine, 3.5 mM SDS). The SDS-PAGE gel
was then transferred to nitrocellulose membrane (300mA, 1hour),
and the membrane was blocked with 7.0% milk solution (7.0 g skim
milk powder, 1 TBS/Tween-20; 50 mM Tris, 200 mM NaCl, 500 ml
Tween-20) for an hour. This was then rinsed for 15 min, 3 times,
with 20ml TBS-Tween-20, and the primary antibodies for P19
(Omarov et al., 2006), Tcp or GFP (Everett et al., 2010), were added
at 1:2000 dilution for at least 2 h. The secondary antibody in 7.0%
milk solution was added to each blot following three 15-min 20ml
TBS-Tween-20 washes, and the blots were developed with 5-bromo-
4-chloro-3-indolyl phosphate ptoludine (BCIP) (66 ml) and nitrote-
trazolium blue chloride (NTB) (33 ml) (Sigma-Aldrich, St. Louis, MO)
in alkaline phosphate buffer. The reaction was stopped by rinsing
blot with ddH2O.Acknowledgments
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